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Abstract Nitrogen doping often induces the band-gap reduction for III-V semiconductors. To understand its origin, the chemical 
trend of reduction is studied by the first-principles calculation with comparing the cases of various III-V compounds. We found
that III-V semiconductors are categorized into two groups; the large band-gap reduction occurs for InP and GaAs, while there is
little reduction and appears a deep level of nitrogen in the band gap for AlAs, AlP, and GaP. It is shown that such difference 
reflects the order of energy positions of III-atom s-orbital state and nitrogen 3s-orbital state. 㩷
Keywords: Nitrogen doping, band-gap reduction, chemical trend, first-principles calculation, deep level 
1. Introduction  
It is well known that the nitrogen (N) doping into III-V semiconductor compounds sometimes promotes a large 
band-gap reduction [1,2]. This reduction is believed caused by the large differences of atomic radius and 
electronegativity between host V-family atoms and doped N atom [3,4]. The doped N atom produces a narrow 
resonance impurity-like level just above the conduction-band minimum of III-V compounds and the interaction 
between such level and conduction-band states induces the lowering of the conduction-band energy, thus the band-
gap reduction being realized. In this view, it is interesting to study whether the band-gap reduction is realized for all 
III-V semiconductors or not. The purpose of this work is to clarify what chemical trend exists for the band-gap 
variation by comparing the cases of various III-V compounds, using the first-principles theoretical calculations.  
.
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Fig. 1. Schematic cubic unit cell system adopted in the 
present calculation, in the case of N doped AlAs. This unit 
has 32 Al, 31 As, and 1 N atoms. The atoms on the 
boundary are fixed at the AlAs bulk positions, while 
positions of other atoms are optimized. Doped N atom is 
located at the center.  
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2. Method of calculation 
We select AlP, GaP, InP, AlAs, and GaAs as host III-V compounds. The cubic zinc-blend unit cell having 32 III 
and 32 V atoms is adopted and one of V-family atoms at the center of this unit cell is replaced by N atom to simulate 
the N doping. Figure 1 shows an example of Al32As31N1 unit cell. Atomic and electronic structures of these systems 
are calculated using the standard first-principles total-energy pseudopotential method in the local density 
approximation [5,6]. All the atom positions except the boundary atoms are fully optimized. It is should be noted 
here that doped N atom is in general not distributed periodically as adopted in the present simulation. However, in 
most experiments, the concentration of N atoms is less than 1%/[7] To realize such low concentration, we place N 
atoms separately in the standard repeated unit cell calculation. To study the effect of N atom pairing, we  place two 
N atoms nearby in the present unit cell and found that the features of  band gap reduction does not charge 
qualitatively, while the reduction magnitude becomes  large (not discussed here).  
3. Result and discussion 
Figure 2(a) and 2(b) show the calculated band structures of bulk InP and N-doped InP systems, respectively. Both 
systems have direct band gaps. Since we employ the density functional calculation, the calculated band gap of bulk 
InP is underestimated as about 0.7 eV compared to the observed value of 1.4 eV. Figures 3(a) and 3(b) display the 
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Fig. 2. Calculated band structures of (a) bulk InP and (b) N-doped InP. The bands below 0.0 eV are 
valence bands. For comparison, doubled unit cell is adopted in (a).
Fig. 3. Calculated band structures of (a) bulk AlAs and (b) N-doped AlAs. The bands below 0.0 eV 
are valence bands. Due to the adoption of doubled unit cell, the lowest conduction band in (a) 
corresponds to the state at X point in the bulk fcc Brillouin zone. 
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band structures of bulk AlAs and N-doped AlAs, respectively. AlAs has an indirect band gap. Since we adopt the 
doubled unit cell, the conduction band in Fig. 3(a) originates from the bulk X point and is doublely degenerated at  
*  point of the present super-cell Brillouin zone. The calculated band gap is about 1.4 eV, which is smaller than the 
experiment of 2.2 eV. Comparing Figs. 2(a) and 2(b), and Figs. 3(a) and 3(b), the band-gap reduction of about 0.2 
and 0.5 eV is seen for both InP and AlAs systems, respectively.  
To analyse the reduction character in details, we show in Figs. 4(a), 4(b) and 4(c) the wavefuctions of * -point 
states, a, b, and c in Fig. 2(b), respectively, for the case of N-doped InP. The state, a, is made of P 3p orbitals and is 
recognized as a valence –band state of InP, while the state, c, is mainly made of In 5s orbitals and extended over the 
unit cell, thus being the conduction-band state of InP. On the other hand, the state, b, is strongly localized at doped 
N atom and made of N 3s orbital. However, we can see definite hybridization between N 3s and In 5s orbitals. In 
fact, due to such hybridization, the conduction-band state, c, changes the energy position compared to the case in 
bulk InP as shown in Fig. 2(a). 
Figures 5(a), 5(b), and 5(c) show the wavefunctions of * -point states, a, b, and c in Fig. 3(b), respectively, for 
the case of N-doped AlAs. The state, a, is made of As 4p orbitals and is recognized as a valence –band state of AlAs, 
while the state, c, is mainly made of Al 3s orbitals and extended over the unit cell, thus corresponding to the 
conduction-band state of AlAs. On the other hand, the state, b, is completely localized at doped N atom and made of 
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     Fig.4. Calculated wavefunctions of * -point states of N-doped InP, (a) a, (b) b, and (c) c states shown in 
Fig. 2(b). a is a valence-band state of InP, while b and c are hybridized conduction-band states between N and 
In.  
       
  Fig.5. Calculated wavefunctions of * -point states of N-doped AlAs, (a) a, (b) b, and (c) c states shown in 
Fig. 3(b). a is a valence-band state of AlAs, c is a conduction-band state of AlAs, while b is a localise N-2s 
orbital state.   
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N 3s orbital. In this case, we can not see definite hybridization between the states, b and c. In fact, the conduction-
band state, c, has almost the same energy position compared to the in bulk AlAs shown in Fig. 3(a).  
    Applying the similar analysis, we found that GaAs has similar reduction to InP, while AlP and GaP to AlAs.The 
former systems have direct band gaps, while the latter possess indirect band gaps. Such difference generally comes 
from the difference of s-orbital energies of host cation atoms. Thus, we can say that the difference of reduction 
characters originates from the difference of s-orbital energy between host III-family atoms and N unoccupied 3s 
state. As shown in Fi.6(a), when the s-orbital energy of III-family atom such as In is lower than 3s-orbital energy of 
N, the lowest conduction band appears below the N 3s level and the hybridization between III and N s-orbital states 
promotes the band-gap reduction, which was already expected in the previous publications [3,4]. On the other hand, 
when the s-orbital energy of III-family atom such as Al is higher than N 3s state as shown in Fig. 6(b), the lowest 
conduction band has indirect character and is located above the N 3s level. Thus, the energy lowering of the original 
conduction bands of host III-V compound is not expected. Since the present calculation uses a small unit cell, the 
lowest conduction band has a finite width. However, in case of much lower concentration of N doping, it is 
reasonably expected that the lowest conduction band of N-doped system such as AlAs becomes narrower and it 
becomes the isolated N-originated deep level. 
4. Summary 
The character of band-gap reduction is studied for N-doped InP, GaAs, AlAs, AlP, and GaP systems by the first-
principles calculation. By analyzing the band structures and wavefunctions, we found that the large band-gap 
reduction occurs when the s-orbital states of III-family host atom such as In have lower energy than 3s unoccupied 
state of N and the III-V compound has a direct band gap. On the other hand, when the s-orbital energy becomes 
higher than N 3-orbital one and III-V system has an indirect band gap such as AlAs, the reduction of band gap 
hardly occurs and the N 3-orbital state is expected to become the isolated deep level.  
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Fig.6. Schematic views of two characteristic 
band-gap reductions in N-doped III-V 
compounds. (a) case of conduction-band 
lowering and (b) case of N-originated deel level 
production.  
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